In this paper, we present a novel event-triggered control mechanism for nonlinear systems with hysteresis quantization. To describe the tendency of the dynamic quantizer parameter, an auxiliary parameter is created and the relationship between the quantizer parameter and the auxiliary parameter has been discussed. Via thoroughly analyzing the structure of the hysteresis quantizer, the hysteresis quantizer based event-triggered control mechanism is designed to appropriately decide the accurate signal transmission instants with simple calculation process. Moreover, under the proposed method, the nonlinear system could be stabilized and Zeno behavior could be intrinsically avoided. Furthermore, a numerical example is given to demonstrate the efficiency of the proposed mechanism.
I. INTRODUCTION
Networked control systems (NCSs) are the systems where the plant, sensor, controller and actuator are linked through communication network [1] - [4] . With its superiority in convenient installation, easy maintenance, high reliability and facilitate source sharing, networked control systems are about to replace the traditional point-to-point control systems and have been widely applied into many industrial fields, such as industrial process, medical treatment and aerospace industry [5] - [11] . However, since the components are linked through communication network, we have to deal with the problem about how to choose appropriate instants to send signals through the network with less channel resource consumption. This paper considers a more general case where networked control systems are modeled in nonlinear form.
In networked control systems, one of the unavoidable components is the quantizer. However, the introduction of the quantization may weaken system stability or degrade some system performances, leading to some undesired phenomena [12] - [17] . Until now, countless scholars have devoted The associate editor coordinating the review of this manuscript and approving it for publication was Jiahu Qin . themselves into quantization problems and incomputable results have been published [18] - [23] . Compared with the familiar logarithmic or uniform quantizer, hysteresis quantizer raises our attentions due to its instinctive superiority in chattering avoidance. However, previous research results related to hysteresis quantizer are either time-triggered [24] - [29] or cannot obtain asymptotic stability [30] . How to stabilize the nonlinear networked control systems with hysteresis quantization becomes our major concern.
Traditionally, before being transmitted through communication channel, signals are quantized and sampled periodically. However, this periodic sampling method (also called time-triggered method) either costs too much valuable channel resources (with a small sampling interval) or cannot obtain the desired system performance (with a large sampling interval). To solve this issue, in 1999, the so-called eventtriggered idea came into being in IFAC Proceedings [31] . After that, in 2007, Tabuada systematically came up with the event-triggered control method [32] . Since then, different kinds of event-triggered control mechanisms have been proposed [33] - [38] . In event-triggered control, signals are transmitted only when the designed event occurs. With the proper designed event-triggered control mechanism, the total VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ number of transmissions could be reduced and the transmission resources could be saved. Therefore, how to design appropriate event-triggered mechanism becomes the key issue. At first, researchers focused on analyzing the relationship between sampling error and system state or system output. Many event-triggered control protocols were designed based on the relationship to save transmission resources [39] - [46] . The main idea of this kind of designs is that it tends to limit the transmission error within the function of the system state or system output. The transmission error will be decreased along with the amplitude of the transmitted signal decreasing. However, treating the relationship as the transmission judgement is not always the best choice. Sometimes it may induce Zeno phenomenon (infinite transmissions occur during finite time period), which should be strictly avoided to protect system equipment. Therefore, some literature proposed event-triggered control mechanism based on the comparison between system state or system output and a given constant or a given function [47] - [51] . With this method, system state could be steered below some desired value.
To further reduce the unnecessary triggerings and save transmission and computation resources, the event-triggered control mechanism should be designed based on the structure of the system component or system characteristics. Qin et al. proposed a unified event-triggered control scheme containing model based event-triggered control mechanism [52] . For networked control systems, quantization is a necessary and important process. Based on quantization structure, some scholars tried to combine quantization error and sampling error as a whole. For example, Zhou et al. thoroughly utilized the quantizer or coder structure to design suitable eventtriggered control mechanisms [30] , [53] - [55] . However, those works focus on practical stability, how to design ideal event-triggered control mechanism based on the quantizer to stabilize the system still remains to be a problem. To reach asymptotic stability and save transmission resources, some researchers designed complex event-triggered control mechanisms based on the logarithmic or uniform quantizers, regardless of the potential chattering phenomenon [56] - [58] . To avoid chattering phenomenon, in this paper, we choose hysteresis quantizer and propose a novel hysteresis quantizer based event-triggered control mechanism. This paper is the first attempt to utilize the hysteresis quantizer with the dynamic parameter to detect transmission instants. The design of the auxiliary parameter guarantees the convergence speed of the quantizer parameter. Moreover, the relationship between the auxiliary parameter and the quantizer parameter determines the convergence speed of the system states. Furthermore, the proposed event-triggered mechanism has a simple form and is easy for implementation.
The main contributions of this paper are listed below: 1) The hysteresis quantizer based event-triggered control mechanism is proposed by completely analyzing the structure of the hysteresis quantizer with dynamic parameter. With the proposed event-triggered control mechanism, Zeno behavior could be entirely avoided, and the nonlinear networked control systems could be stabilized. 2) An auxiliary parameter is proposed to represent the tendency of the quantizer parameter. Moreover, based on the auxiliary parameter, the method about how to obtain the accurate updating instant for quantizer parameter has been put forward. In addition, the quantizer parameter is utilized by the event-triggered control mechanism to decide the transmission instants. 3) The relationship between the auxiliary parameter and the quantizer parameter is not unique. The quantizer parameter updating frequency determines the convergence rate of the system states. Appropriate updating frequency could be decided based on the prescribed requirement. The rest of this paper is organized below. Section II introduces the model of the nonlinear networked control systems, the auxiliary parameter, the hysteresis quantizer and some preliminaries. In Section III, the main results of this paper have been clearly illustrated, including the hysteresis quantizer based event-triggered control mechanism and the discussions about the stability of the nonlinear networked control systems and whether there exists Zeno behavior. A numerical example borrowed from the recent literature is utilized in Section IV to show the efficiency of the proposed method. Section V concludes the paper and gives some perspective future directions.
Notations: In this paper, R n is the n-dimension Euclidean space with the vector norm · , R + is the set of all positive real numbers and Z + is the set of all positive integers.
II. SYSTEM MODEL AND PROBLEM STATEMENT A. SYSTEM MODEL
Consider a nonlinear systeṁ
stands for the considered system dynamics. Fig. 1 is the framework of the considered nonlinear networked control systems.
At the controller side, similar to the situation described in Fig. 1 , controller will utilize the received information after ZOH (zero-order hold) to generate control signal. Let ω(t) stand for the total transmission error and assume that the controller can make the nonlinear system input-to-state stable with the input ω(t). u(t) is the control signal with
where ϕ(·) : R n → R m is utilized to make the state of the nonlinear system satisfying formula (10) .
x(t k ) is the information received by the ZOH at sampling instant t k (k ∈ S ⊆ {0} ∪ Z + and t 0 = 0), which will be discussed further in Section III.
In view of the potential finite-time accumulation of t k and finite-time escape of x(t), suppose that x(t) is defined on t ∈ [0, T max ) and T max ∈ (0, +∞]. Then, {t k } k∈S and S can be separated into three cases: a) S = {0}∪Z + and lim k→∞ t k < +∞. In this case, Zeno behavior occur and lim k→∞ t k = T max < +∞. b) S = {0}∪Z + and lim k→∞ t k = +∞. In this case, Zeno behavior would not occur and lim k→∞ t k = T max = +∞. c) S = 0, 1, . . . , k * Z + is a finite set. In this case, t k * < T max and define t k * +1 = T max for discussion convenience.
B. UNIFORM QUANTIZER AND HYSTERESIS QUANTIZER
In this part, by comparing the structure of the dynamic uniform quantizer and the hysteresis quantizer, we illustrate the reason why we utilize hysteresis quantizer in this paper and give the mathematical model of the hysteresis quantizer. Moreover, the auxiliary parameter * (t) is novelly proposed to describe the tendency of the quantizer parameter (t) and simplify the proof in Section III.
First, we introduce the dynamic uniform quantizer q u (·) : R n → u ( u ⊆ R n is a finite set) described in [19] . Assume x(t) is the quantized signal. Then, the dynamic uniform quantizer should satisfy:
where M u u (t) and u (t) are the quantization range and the quantization error bound, respectively. Assume that the dynamic uniform quantizer is centered around the origin.
In practical applications, there is no doubt that we cannot keep the tendency of the quantized signal with one direction even if the quantized signal would not be contaminated by the noise. Therefore, the quantization result may jump quickly between two neighboring quantization levels. Fig. 2 shows how q(x(t)) changes when it vibrates near the point where quantization level jumps. In Fig. 2 , quantizer parameter u (t) is assumed to be a constant. Blue star is the quantization level jumping point and red line is the state changing along with time. From Fig. 2 , it can be concluded that if the quantized signal x(t) vibrates around quantization level jumping point, then, q u (x(t) will switch quickly along with vibration frequency of x(t). That is the reason why chattering phenomenon always occurs with the utilization of the dynamic uniform quantizer.
To avoid the potential chattering phenomenon induced by the dynamic uniform quantizer, here, we utilize hysteresis quantizer based on the dynamic uniform quantizer structure to avoid the undesired chattering by its distinct structure. The hysteresis quantizer q(·) : R n × R + → ( ⊆ R n is a finite set) could be modeled as follows:
is a zooming quantizer parameter and only changes its value at the updating instant τ j (j ∈ Z), which is determined by (6) . The quantization value will be updated if and only if the quantized signal passes through the quantization level jumping point, which is located between two quantization levels. Besides, the initial quantization value and the quantization value when quantization parameter (t) has been changed could be verified by rounding the current quantization level to the nearest quantization level. Usually, to obtain asymptotic stability, dynamic uniform quantizer parameter u (t) needs to obey the designed updating law. Similarly, we need to design updating law for hysteresis quantizer parameter (t).
In order to make the nonlinear system asymptotically stable, designing suitable updating law for (t) is our main concern. Here, we introduce the monotonically decreasing auxiliary variable * (t) ∈ R + (the inverse function of * (t) exists) to decide the updating instant of (t). The dynamic evolution of * (t) follows:
where α * (·) : R + → R + is bounded and represents the evolution of the auxiliary variable * (t). Based on the value of * (t), define (t) as:
where τ j (j ∈ Z) is the updating instant of hysteresis quantizer parameter (t). Furthermore, instant τ j (j ≥ 1) is determined by:
To explain it clearer, Fig. 3 and Fig. 4 are provided to better illustrate the relationship between (t) and * (t) along with time. Fig. 3 describes q(x(t), (t) ) under the situation where (t) is updated. The blue dotted line represents q(x(t), (t)) during t ∈ [τ j , τ j+1 ) and the brown dotted line is q(x(t), (t)) during t ∈ [τ j+1 , τ j+2 ). From Fig. 3 , it can be observed that even when (t) is updated, this structure can still avoid chattering phenomenon. Fig. 4 illustrates how * (t) changes along with time and the relationship between (τ j ) and (τ j+1 ). Remark 1: In this paper, formula (6) is utilized to determine the updating instant τ j . However, τ j could be chosen according to below formula:
where ι ∈ Z + is utilized to determine the updating frequency of (t) and formula (6) is just one of those choices.
The reason why we choose ι = 2 in formula (6) is for explanation convenience. Assume that the hysteresis quantizer is saturated and the positive constant M determines the valid quantization range. Together with the structure of the hysteresis quantizer, for each quantization zooming parameter (t), we have
Based on the introduced system structure, the nonlinear closed-loop system can be described as:
where h(0, 0) = 0 and
) stands for the total transmission error introduced by network communication, including quantization error and sampling error. Assume that there exists a positive function g :
for all x(t) ∈ R n and ω(t) ∈ R n . Besides, g(·) is nondecreasing for both x(t) and ω(t) . Assumption 1 [59] : For the considered system (9) , there exists an ISS-Lyapunov function V (·) : R n → R + , which satisfies:
V (x(t)) ≥ β( ω(t) ) ⇒ ∇V (x(t))h(x(t), ω(t)) ≤ −γ (V (x(t))) (12) where V (·), V (·) ∈ K ∞ are assumed to be continuous differentiable during t ∈ [0, +∞) and the inverse functions for V (·) and V (·) exist. β(·) ∈ K and continuous function γ (·) are positive definite.
III. MAIN RESULTS
In this section, we propose the event-triggered control mechanism to stabilize the nonlinear system. Different from the existing method, we design the dynamic evolution of the parameter (t) and introduce the auxiliary variable * (t), which reduces its value along with time. Moreover, to further save communication resources, the structure of the hysteresis quantizer is well analyzed, and the information hiding behind the quantizer is digged out to construct the event-triggered mechanism. Different from the existing event-triggered control methods, even though the parameter (t) is piecewise continuous, only one information transformation is needed at each quantization level with our proposed method. Furthermore, it is demonstrated that the system could be stabilized and the potential Zeno behavior could be eliminated by the proposed hysteresis quantizer based event-triggered control mechanism.
Based on the structure of the considered hysteresis quantizer (3) described in Fig. 4 , here, we propose the hysteresis quantizer based event-triggered control mechanism:
where t k represents the triggering instants with k ∈ S and t 0 = 0.
To show the effectiveness of the hysteresis quantizer based event-triggered control mechanism, we need to verify that the nonlinear system could be stabilized under the proposed event-triggered mechanism.
Theorem 1: Consider the nonlinear closed-loop system (9) , the designed triggering mechanism (13) , the hysteresis quantizer (3) and the Assumption 1. If the relationship among the parameter of the hysteresis quantizer M (M ∈ Z + ) and the function V (·), β(·) described in Assumption 1 follows
And the function α * (·) satisfies
Moreover, the state of the nonlinear system x(t) will tend to zero as t approaches infinity. Proof: Here, we aim to prove that the state of the NCSs x(t) will asymptotically converge to zero.
According to the relationship between (t) and * (t) described in Fig. 4, during 
holds if x(t) ≤ M * (t). Therefore, we only need to verify
Combining formula (5) and triggering mechanism (13), the total transmission error
Therefore, under this situation,
According to Assumption 1,
By using formula (15) and formula (17),
Combining formula (20) and formula (21) , we have
Formula (22) contradicts with the assumption (17) . This contradiction means assumption (17) is false.
) and
As with the fact that x(t) is continuous, formula (23) holds during t ∈ [0, T max ). This ends the proof of Theorem 1. Remark 2: The import of * (t) establishes the relationship between (t) and x(t) and subtly avoids the tough problem caused by the transitions of (t).
To test the efficiency of the proposed event-triggered control mechanism, we need to verify whether there exists Zeno behavior under the proposed method. Therefore, Theorem 2 is given to illustrate that Zeno behavior would never occur under the proposed method. Moreover, it could be demonstrated that the results in both Theorem 1 and Theorem 2 could be satisfied during t ∈ [0, +∞).
Theorem 2: Consider the nonlinear closed-loop system (9) , the designed triggering mechanism (13) , the hysteresis quantizer (3) and the Assumption 1. Then,
Zeno behavior would never occur under our designed framework.
• T max = +∞ and the above results hold during t ∈ [0, +∞). Proof: Here, we prefer to guarantee that Zeno behavior would never occur. Then, it needs to be verified that during t ∈ [0, +∞), the above properties will always hold.
• Zeno behavior analysis. Define transmission interval T = t k+1 − t k . We want to prove that T > 0 holds during the whole process. In view of the relationship between triggering instant and the quantizer parameter updating instant, we divide the following analysis into three cases to explain the problem clearer.
Therefore, the triggering interval T satisfies:
Under this situation, assume the parameter of the quantizer updates N (N ∈ Z + ) times during t ∈ [t k , t k+1 ).
At the same time, under this situation, (t k ) = (τ j ) = * (τ j ) = 2 N * (τ j+N ) = 2 N (τ j+N ). In consequence, we have
, N is unlimited. For this case, assume that there exists instant τ S ∈ (τ j+1 , τ j+N ), and S is limited. Then, we have
Therefore, the problem becomes how to guarantee τ S − τ j+1 > 0. Assume that α S is the upper bound of˙ * (t) with˙ * (t) ≤ α S during t ∈ [τ j+1 , τ S ] and could be obtained by numerical calculation [60] . Thus we can obtain
Therefore, T > 0 could be satisfied and Zeno behavior would never occur under this situation. According to Case 1, Case 2 and Case 3, Zeno behavior would never exist with the proposed method.
• Lifetime of the above two properties. On account of three potential cases for sampling instant {t k } k∈S , here, we aim to prove T max = ∞. a) According to the above discussion, Zeno behavior would never exist. Therefore, case a) would never This ends the proof of Theorem 2. Remark 3: From the above demonstration, it is clear that Assumption 1 and equation (10) are utilized to demonstrate the correctness of Theorem 1 and Theorem 2. Therefore, they are indispensable in this paper. Moreover, both Assumption 1 and equation (10) are not strict conditions and they are widely utilized as the requirements for the controller [58] , [59] .
IV. SIMULATION RESULTS
In this section, a numerical example borrowed from [59] is utilized to illustrate the efficiency of the proposed hysteresis quantizer based event-triggered control mechanism.
Moreover, this section also shows the relationship between the parameter ι described in formula (7) and the performance of the nonlinear networked control systems.
A. SYSTEM DYNAMICS Consider the nonlinear system modeled as:
where x(t) ∈ R is the system state and u(t) ∈ R is the control input. η and δ are unknown constants satisfying η, δ ∈ (0, 1].
In this simulation, we choose η = δ = 1. According to formula (2), we design below control law during t ∈ [t k , t k+1 ) to stabilize the nonlinear system.
where sgn(·) is the sign function satisfying
Combining formula (30) and formula (31) , the model of the nonlinear networked control systems could be rewritten as:
where x(0) = 0.8. Then, we need to check out whether the above numerical simulation model satisfies the assumptions and the conditions listed in Section II and Section III. According to formula (10), it could be concluded that:
Moreover, based on Assumption 1, let V (x(t)) = x(t) . Then, formula (11) implies that V ( x(t) ) and V ( x(t) ) could be chosen as V ( x(t) ) = V ( x(t) ) = x(t) . If x(t) ≥ 2 ω(t) , then, we can obtain sgn(x(t) + ω(t)) = sgn(x(t)). Moreover, x(t) + ω(t) ≥ 0.5 x(t) . By calculation, we have:
Together with Assumption 1, we can choose β(ω(t)) = 2 ω(t) and γ (V (x(t))) = V (x(t)).
According to formula (14) , it can be derived that M ≥ 4. Here, we choose M = 5. Define α * (s) = 0.9s (s ∈ R + ) and we can obtain:
Formula (35) means that formula (15) in Theorem 1 could be satisfied. Therefore, the model described in formula (30) could be utilized to demonstrate the effectiveness of our proposed method. Furthermore, define initial condition for quantizer parameter * (0) = (0) = 0.5.
B. SIMULATION RESULTS
First, we consider simulation result with τ j defined by formula (6) . The result of this simulation is depicted in Fig. 5 . In Fig. 5 , during t ∈ [0, 10], the quantizer parameter (t) updates 12 times while the number of the transmissions for system state is 24. It is shown that the nonlinear system is asymptotically stable and no Zeno behavior occurs under the proposed hysteresis quantizer based event-triggered control mechanism. Moreover, it is clear that the update of (t) partly affects the frequency of the transmission instant t k . To explore how the value of ι affects the number of transmissions during the same time period, we do the above simulation with different values of ι. Fig. 6 shows the number of transmissions changing with different values of ι. For analysis convenience, we also list the relationship between ι and the number of transmissions in Table 1 (N num represents the number of transmissions during t ∈ [0, 10]). From Fig. 6 and Table 1 , it is obvious that the number of transmissions would not be reduced with the increasement of ι. Fig. 7 gives the condition with ι = 3 as an example to illustrate the situation where ι is larger. Comparing Fig. 5 with Fig. 7 , the lager ι is, the slower the system would be stabilized. Therefore, the value of ι should be decided with comprehensive consideration in practical applications. In addition, for comparison convenience, the numerical example given in reference [59] with the parameters listed above is shown in Fig. 8 . In Fig. 8 , during t ∈ [0, 10], the quantization parameter is successive changed along with time and the number of the transmissions for system state is 31. It is suggested that the nonlinear system is asymptotically stable and no Zeno behavior occurs with the eventtriggered mechanism given in [59] . Comparing our method with the method given in [59] , it is clear that our method saves more transmission resources with proper ι. FIGURE 8. The control input and the state trajectory in reference [59] . VOLUME 7, 2019 
V. CONCLUSION AND FUTURE DIRECTIONS
This paper presents a novel event-triggered control method based on the structure of the hysteresis quantizer with dynamic quantizer parameter. With the proposed eventtriggered control mechanism, the nonlinear system could reach stability. The hysteresis quantizer is with a finite quantization range and a dynamic quantizer parameter. An auxiliary parameter is creatively added to represent the tendency of the quantizer parameter. It is shown that the update process of the quantizer parameter affects the transmission frequency of the system state. Moreover, it is demonstrated that Zeno behavior would never occur with the proposed hysteresis quantizer based event-triggered control mechanism. In the future, we intend to extend this idea to multi-agent systems and switched systems, and deal with imperfect communication channel problems. Moreover, as with the fact that dynamic triggering mechanisms are good ways to save transmission resources, in future studies, we prefer to combine the method proposed in this paper and the dynamic triggering mechanisms together to better reduce the number of transmissions. Furthermore, we will further explore the problem about how to obtain the optimal value of ι.
